A marked increase in ethylene production occurred in cut carnation flowers (Dianthus caryophyllus L. cv. Izu-Pink) during senescence. The application of ethylene hastened senescence by promoting ethylene production, while the applied 2,5-norbornadiene (NBD) retarded the progress of senescence of flowers by reducing the rate of ethylene production, such that no initiation of wilting of flowers was observed 8 d after harvest when untreated flowers had completely wilted. Most of the ethylene produced by senescing carnation flowers was derived from petals.
Introduction
The plant hormone ethylene is closely associated with senescence of flowers (7). In cut carnation flowers ethylene production occurs remarkably during senescence (5, 9), and the evolved ethylene plays an essential role in petal wilting (6).
In higher plants ethylene is synthesized from methionine, and 1-aminocyclopropane-1-carboxylic acid (ACC) serves as an intermediate of ethylene biosynthesis (17) . This methionine and ACC pathway was shown to operate in carnation flowers during senescence (1). In this pathway where the formation of ACC is a rate-limiting step, the induction and level of ACC synthase which catalyzes the conversion of S-adenosylmethionine (SAM) to Acc may play an important role in inducing and regulating the rate of ethylene production (17). Peiser demonstrated that ACC synthase activity that increased in petals during senescence correlat-ed with ethylene production by flowers (10).
It has been shown that ethylene biosynthesis is regulated by ethylene (17). In the autocatalytic ethylene production the rate of ethylene synthesis is promoted by either endogeneous or exogenous ethylene. In this mechanism ethylene may enhance the induction of activity of ACC synthase and/or ethylene-forming enzyme (EFE). In the study on the mode of action of silver thiosulfate (STS), Veen stated that STS reduced the rate of ethylene production by preventing ethylene from binding to the receptor site, thus inhibiting autocatalytic ethylene action (13, 14) .
It has been reported that the application of 2,5-norbornadiene (NBD), a competitive inhibitor of ethylene action (12), reduced the rate of ethylene production, resulting in a large increase in the vase life of cut carnation flowers (11, 16) , and that in the tissue treated with NBD, the activities of ACC synthase and EFE were greatly reduced (16).
The present study deals with the induction of the activity of Acc synthase and increases in the H. HYODO, Y.
ACC content and the rate of ethylene production in petals of cut carnation flowers during senescence. Also, the effects of NBD and ethylene on the development of ACC synthase activity, ACC level and ethylene production were studied in senescing petals.
Materials and Methods
Carnation flowers (Dianthus caryophyllus L. cv. Izu-Pink) were obtained from a commercial grower in Shizuoka one or two d before full opening. Flower stems were trimmed to 8 cm prior to treatment. Flowers were placed individually in 63 ml Erlenmeyer flasks containing 50 ml deionized water and held at 20°C. Flower senescence was scored with a rating scale of 1 to 6: score 1, before full opening; 2, full opening (petals fully expanded); 3, beginning of wilting (initiation of petal inrolling); 4, moderate wilting; 5, complete wilting: 6, complete senescence (browning of the petal edges).
The flowers in flasks were sealed daily for 1 to 3 h in 1.221 glass jars and 1 ml of head space gas was withdrawn by syringe for ethylene analysis. The sample gas was assayed for ethylene in a Hitachi 163 gas chromatograph equipped with a flame ionization detector and a 1 m activated alumina column at 70°C.
After determination of the rate of ethylene production of whole flowers, the flowers were separated into petals and pistils, which were subjected to determination of ethylene production, ACC content and ACC synthase activity. Seven petals isolated from both outer and inner whorls of flowers were used as the petal materials. Those were enclosed in a 140 ml Erlenmeyer flask for 1 h and ethylene concentration in the head space was measured by gas chromatography. Petals were homogenized with 80 % ethanol (10 ml/g tissue) for extraction of ACC in a mortar and pestle. After centrifugation at 8,000 x g for 15 min, the supernatant was concentrated to dryness in vacuo at 45°C in a rotary evaporator. The residue was taken up in 3 ml of water, and an aliquot of 0.5 ml was assayed for ACC by the method described by Lizada and Yang (4) .
ACC synthase was prepared and assayed by the following procedures. Seven petals were homogenized at 2°C in 5 ml of 100 mM EPPS (N-(2-hydroxyethyl) piperazine-N'-3-propanesulfonic acid) buffer, pH 8.5, containing 10 mM TERADA AND S. NODA 2-mercaptoethanol and 5µM pyridoxal phosphate by mortar and pestle. The homogenate was centrifuged at 16,000 x g for 25 min at 2°C. The supernatant was dialyzed for 1 d at 2°C against three changes of dialyzing buffer consisting of 5 mM EPPS buffer, pH 8.5, 5 mM 2-mercaptoethanol and 5 µM pyridoxal phosphate. The dialyzed solution was used as an enzyme preparation for ACC synthase. ACC synthase activity was assayed with a reaction mixture consisting of 50 mM EPPS buffer, pH 8.5, 50µM SAM, 4µM pyridoxal phosphate and enzyme preparation in a total volume of 1 ml. The reaction mixture was incubated at 30°C for 30 min, and the reaction was stopped by addition of 0.1 ml 20 mM HgC12. ACC formed from SAM by ACC synthase was assayed by the method of Lizada and Yang (4) .
Treatment of flowers with ethylene was as follows. Flowers in Erlenmeryer flasks were placed in a 12 to 131 desiccator into which ethylene was injected through a syringe to the desired concentration (0.5 µ1/l), which was monitored by gas chromatography. For control flowers, a beaker containing a 0.25 M solution of mercuric perchlorate was placed in the desiccator to absorb ethylene.
For treatment of flowers with NBD, liquid NBD was applied with a micropipette onto a sheet of filter paper in a small petri dish in the desiccator, which was immediately sealed with a cover. Liquid NBD readily volatilized at 20°C. The amount of liquid applied was calculated to give the desired gaseous concentration (1,000 1d/l) in the desiccator. Flowers were treated with ethylene for 2 d at the beginning and with NBD for a whole period of experiments. Everyday desiccators were opened and ventilated with fresh air, and then ethylene or NBD was reintroduced. In all desiccators a beaker containing 5 N KOH was placed to absorb CO2 evolved from flowers.
EPPS, pyridoxal phosphate, SAM and ACC were purchased from Sigma Chemical Co. NBD and 2-mercaptoethanol were purchased from wako Pure Chemical Industries, Ltd. Ethylene was obtained from Iwatani & Co. Ltd..
Results
A marked increase in ethylene production occurred during senescence of carnation flowers `Izu-Pink'. The rate of ethylene production reached a peak 6 d. after harvest at 20°C, followed by a sharp decline to a low level on the following day when petals almost wilted (Fig. 1) . The surge of ethylene production was accompanied by a climacteric rise in respiration and a decrease in fresh weight of flowers (data not shown). The initiation of wilting (petal enrolling) coincided with the steep rise in ethylene production and the wilting advanced as petals continued to produce a large amount of ethylene.
By treatment with 0.5 µU1 ethylene for 2 d from day 1 to 3, the increase in ethylene production by flowers started two d earlier than in the control flowers (Fig. 1) . The wilting of petals started shortly after the treatment with ethylene. In contrast to control flowers and those treated with ethylene, ethylene production was totally arrested by treatment with 1,000 µ11l NBD. No progress in petal senescence was observed over the entire period of experiment (Fig. 1) .
In the advanced stage of senescence most of the ethylene produced by carnation flowers was derived from petals, therefore petals were analyzed for ACC synthase activity, ACC content and ethylene production. The activity of ACC synthase rapidly increased in petals during senescence, followed by increases in the level of ACC and the rate of ethylene production (Fig. 2) . After reaching a maximum, the activity of ACC synthase declined sharply. The application of exogenous ethylene to flowers induced the rapid increase in ACC synthase activity in petals, accompanied by increases in the ACC content and the rate of ethylene production (Fig. 3) . By the application of exogenous ethylene, ACC synthase activity started to increase two d earlier than in the control. Moreover, the activity reached a level much higher than that of the control. It is evident that there is a close relationship between the increase in activity Exposure of flowers to 1,000 µ11l NBD strongly suppressed the induction of the activity of ACC synthase and totally reduced the formation of ACC and ethylene in petals (Fig. 4) . Although there appeared a somewhat gradual increase in ACC synthase activity, followed by a decline, neither ACC nor ethylene formation was significantly affected.
Discussion
During senescence of cut carnation flowers the activity of ACC synthase increased in petals as has been shown by Peiser (10) . As a result the rate of ACC formation was enhanced, EFE activity also increased in petals during senescence (8). These led to the increased rate of ethylene production, which was responsible for petal wilting. The amount of conjugate-ACC (N-malonyl-ACC) also increased almost parallel with ACC (data not shown).
In the course of senescence most of ethylene produced was derived from petals, while there was an increase in ethylene production by the pistil in the initial stage of senescence. ACC synthase activity in the pistil also increased and reached a peak earlier than in the petal (data not shown).
The exogenous ethylene induced petal tissue to increase the activity of ACC synthase, followed by an increase in ACC and ethylene production. That ethylene promoted the development of ACC synthase activity was reported by Bufler (2). This may be one of the key steps in ethylene biosynthesis enhanced by ethylene (18) .
NBD at a concentration of 1,000 µ11l strongly inhibited ethylene production by petals. This may have resulted from the suppression of the induction of ACC synthase and the subsequent inhibition of ACC synthesis. Wang and Woodson reported that besides ACC synthase, NBD also strongly inhibited the development of EFE (16). Sisler and Yang It is evident that NBD can prolong the vase life of carnation flowers by reducing the rate of ethylene production. Sisler et al. reported that NBD at 2,000 µ11l doubled the vase life of the flowers (11). In the present experiments, too, no initiaiton of wilting was observed in the presence of 1,000,111 NBD on day 8 after harvest, when control flowers had completely wilted. However, NBD will not be as practical as STS in postharvest handling because of its gaseous nature and unpleasant smell (15). 
